Abstract
Introduction
Metabolic syndrome, a cluster of morbidities including obesity, hypertension, insulin resistance and hyperlipidemia, is a risk for the development of diabetes, atherosclerosis, and cardiovascular disease [1] . These conditions are prevalent among morbidly obese patients [2, 3] . Metabolic syndrome has also been linked to increased risk for developing nonalcoholic fatty liver disease (NAFLD), a condition that encompasses a range of liver injuries from uncomplicated steatosis to severe nonalcoholic steatohepatitis (NASH). NASH histopathology is characterized with degrees of inflammation and accumulation of collagen (fibrosis) which can lead to cirrhosis [4] [5] [6] [7] . It has been estimated that over 10-20 years one third of patients with early stages of NASH will progress to cirrhosis, and of these 25% will develop portal hypertension within 3 years [6] .
NAFLD is present in about 80% of bariatric surgical patients [8] . In addition to a high prevalence of metabolic syndrome, approximately 80% of bariatric patients assessed with polysomnography (PSG) have obstructive sleep apnea (OSA) [9, 10] . It has been hypothesized that nocturnal hypoxemia in patients with OSA may contribute to the development of NAFLD [11, 12] . Thus, it is possible that in morbidly obese patients with metabolic syndrome, coexisting OSA may independently contribute to the pathogenesis of NAFLD [12, 13] . Several studies examined the relationship between OSA and NAFLD, but findings are inconsistent. In one study [14] , OSA was associated with increased serum aminotransferases levels, but not with NASH, but in another study [15] nocturnal oxyhemoglobin desaturation was a marker of latent steatohepatitis. Although the pathogenesis of NAFLD is not fully understood, a 'two-hit' theory was proposed [13] . A 'first-hit' is metabolic syndrome which alters fatty acid metabolism and insulin resistance leading to steatosis. The 'second-hit', which advances steatosis into steatohepatitis, is altered oxidative stress [13, 16] . Intermittent hypoxia increases liver tissue peroxidation, hepatic myeloperoxidase, and inflammatory cytokines, which may increase lipogenesis and inhibit fat oxidation [12, 17, 18] . However, a recent report showed no association of NAFLD with OSA in bariatric patients in whom nocturnal desaturations were not treated preoperatively with continuous positive airway pressure (CPAP) [19] . Since morbidly obese patients have high prevalence of both OSA [10] and NAFLD [8] they are a suitable population for studying potential associations.
Bariatric surgery is a treatment of medically complicated obesity, and in preparation for surgery at our institution all patients undergo comprehensive evaluation. When indicated, their evaluation includes testing for OSA with overnight PSG [10] . In addition, liver biopsies are routinely performed during surgery. Accordingly, the purpose of this study was to examine the relationship between the severity of OSA and degree of histopathological liver changes.
Patients and Methods

Participants
Protocol approval was obtained from the Institutional Review Board at the Mayo Clinic, IRB Committee for Expedited Procedures; IRB#: 10-002194, last approval date April 7, 2011. Consistent with Minnesota Statute 144.335 Subd. 3a. (d), we included only patients who have provided authorization for research use of their medical records. All indications for bariatric surgery were in accordance with the National Institutes of Health (NIH) Consensus Development Panel [20] .
Study Protocol
Health records were reviewed of medically complicated obese patients who underwent bariatric surgery, had completed preoperative PSG testing, and had intraoperative liver biopsies performed between December 2003 and March 2009. To avoid inter-laboratory differences in PSG reporting, only patients who underwent testing at the Mayo Clinic Sleep Laboratory were included. 
Quantification of OSA Severity
Candidates for bariatric surgery undergo an assessment for the presence of OSA [10] . Evaluation is usually performed months before the operation. Patients with suspected OSA are referred for overnight oximetry and if warranted PSG, which are technologist-attended studies with data obtained via a computerized polygraph [10] . Electroencephalogram, electrooculogram, submental and anterior tibialis electromyogram, snoring by laryngeal microphone, oxyhemoglobin saturation (SpO 2 ), and respiratory effort were recorded. Airflow was analyzed by a nasal pressure transducer from December 2003 until August 2006 and after that time with both oronasal thermocouple and nasal pressure transducer. The PSG results were used to determine the apnea-hypopnea index (AHI). Hypopnea was defined by a 6 30% decrease in airflow for 6 10 s despite respiratory effort and accompanied by 6 4% decrease in SpO 2 . Apnea was defined as 6 10 s cessation of airflow. Patients found to have OSA underwent a second phase of PSG testing: a 'split study' where patients were fitted with a positive airway pressure device (typically CPAP). For analyses purposes severity of OSA was dichotomized according to the AHI using a modification of the American Academy of Sleep Medicine (AASM) criteria [23] as either: none or mild OSA (AHI ^ 15) versus moderate or severe OSA (AHI 6 16), consistent with several recent reports [10, 24, 25] . We also report mean SpO 2 , percent of total sleep time spent with SpO 2 ! 90% for both initial and 'split' PSG testings. Patients diagnosed with OSA were prescribed CPAP and received regular follow-up in the Center for Sleep Medicine to encourage compliance.
Data Collection
From the electronic medical records demographic characteristics, comorbid conditions, preoperative variables, PSG results, preoperative liver transaminases, and histopathological findings of liver biopsies were abstracted using a standardized data collection form. All data were collected and managed using REDCap electronic data capture tools hosted at Mayo Clinic [26] . The following comorbid conditions were considered: hypertension (medically treated), coronary artery disease (medically treated or history of myocardial infarction, coronary stents/angioplasty, cardiac bypass surgery, or other interventions), history of congestive heart failure (EF ! 40% or cor pulmonale), cerebrovascular disease (history of stroke or transient ischemic attacks), pulmonary disease (asthma, chronic obstructive or restrictive pulmonary disease, or pulmonary hypertension), and diabetes mellitus (treated with insulin or oral antihyperglycemic agents).
Statistical Analysis
Patient characteristics are presented overall and according to OSA category (none/mild vs. moderate/ severe). Continuous variables are summarized using mean 8 standard deviation (SD) or median and interquartile range (IQR). Categorical variables are presented as frequency percentages. These characteristics were compared across two OSA categories (none/mild vs. moderate/severe) using ANOVA (or Kruskal-Wallis test) for continuous variables and Fisher's exact test for categorical variables. Severity of NAFLD was compared across OSA groups using Fisher's exact test. The PSG test results were compared across NAFLD severity categories using Kruskal Wallis test. Statistical significance was established at two-tailed p values less than 0.05. Analyses were performed using SAS statistical software (Version 9.2, SAS Institute, Inc., Cary, NC, USA).
Results
Between December 2003 and March 2009, 218 adult patients underwent bariatric surgery, who were evaluated preoperatively by PSG and had intraoperative liver biopsy.
Participants
Patient demographic characteristics, comorbid conditions, and preoperative liver function tests are summarized in table 1 . Based on PSG results, 125 (57%) patients had none/mild OSA, and 93 (43%) patients had moderate/severe OSA. Patients with none/mild OSA were more likely to be females than those classified as having moderate/severe OSA (p ! 0.05); otherwise, there were no other differences between the two groups. There were no differences in serum aspartate aminotransferase or alanine aminotransferase between OSA categories. PSG test results are presented in table 2 . From initial testing, as expected, those with moderate/severe OSA had worse results on PSG. Most patients (N = 185; 85%) had a split PSG test with the application of a noninvasive ventilation device. Regardless of OSA severity, following application of a CPAP, there was improvement in AHI, mean SpO 2 and percent of total sleep time spent with SpO 2 ! 90%. However, the differences between OSA groups remained statistically significant; those with moderate/severe OSA had more apneahypopnea (AHI) episodes per hour of sleep, lower mean SpO 2 , and spent more time with SpO 2 ! 90%, compared to those with none/mild OSA. The use of a positive airway pressure device was deemed clinically useful in 177 (81.2%) patients, and all were prescribed treatment with the CPAP / bi-level PAP device. Median time from PSG to surgery was 9.3 months (IQR 5-24 months). Of those patients prescribed CPAP before bariatric surgery, 140 (79.1%) reported being compliant with use and 13 being noncompliant (9.3%); compliance was not documented for 24 patients.
PSG Testing
Liver Biopsy Results
From biopsy results, 94 (43.1%) patients had normal liver histology or simple steatosis, 94 patients (43.1%) had mild NASH, and 30 (13.8%) had advanced NASH ( fig. 1 ). There was no association between severity of NASH and severity of OSA ( table 3 ) . Similarly, there was no association between severity of NASH and PSG variables during the initial or 'split' PSG testing ( table 4 ) . In patients with moderate or severe OSA, an additional analysis was performed to determine a possible association between CPAP / bi-level PAP treatment and NASH severity. 74 patients with moderate/severe OSA indicated to be compliant with use of a device for noninvasive ventilation. Of these, 30 (41%) patients had normal liver histology and their median duration of treatment (i.e., time from PSG to surgery) was 15.4 (IQR 6.6-47.9) months. A further 37 (50%) patients had mild NASH and were treated for a median (IQR) of 10.5 (5.8-50.7) months. Only 7 (9%) patients had advanced NASH; they had received CPAP / bi-level PAP treatment for a median (IQR) of 10.6 (6.9-42.8) months. No statistically significant difference in treatment duration was evident across NASH groups (Kruskal-Wallis p = 0.856).
Discussion
Our main finding is that among bariatric surgical patients preoperatively assessed to have OSA and prescribed CPAP when indicated, the severity of OSA was not associated with severity of liver histopathology (NASH severity). Rather, components of the metabolic syndrome appear to be primarily responsible for altered liver histopathology. While the use of CPAP can mitigate elevated serum aminotransferase levels in patients with NAFLD [27] , it is unknown if CPAP can reverse or delay progression of 'metabolic' liver disease. It is unknown whether histopathology in our cohort would have been worse if patients with OSA had not used CPAP. However, there was no association between the duration of noninvasive ventilation treatment (CPAP or bi-level PAP device) and NASH severity in patients with moderate or severe OSA that reported being compliant with device use.
Morbidly obese patients have a high prevalence of both NAFLD and OSA [10, 12, 19] . In the present cohort, nearly 80% of patients had OSA, 84% had some degree of NAFLD, and 57% had NASH. The high coexistence of several risk factors for NAFLD may play significant role. For example, obesity is independently associated with insulin resistance and hypertriglyceridemia which contribute to development of steatosis [27] [28] [29] [30] . Steatotic hepatocytes are sensitive to anoxia [31] , and additional repetitive nocturnal oxyhemoglobin desaturation from OSA could accelerate hepatic injury [12] .
There appears to be an association between elevated aminotransferases and sleeping disorders, but potential associations between the development of steatohepatitis and OSA have been inconsistent. Oxyhemoglobin desaturations are correlated with serum procollagen type III concentrations, a marker for latent fibrosis [15] . Severe untreated OSA has been found to be a risk for steatohepatitis and aminotransferases elevation, independent of body weight [11] . Jouet et al. [14] reported a positive association between OSA and increased aminotransferases in morbidly obese patients, but no association with NASH. Norman et al. [32] reported that serum aminotransferase levels were better predicted by oxyhemoglobin desaturation than by components of the metabolic syndrome. In that study, nadir SpO 2 was more predictive than mean SpO 2 , suggesting that severity of hypoxemia was more important than sustained levels of moderate hypoxemia [32] . Chin et al. [27] demonstrated that the use of oxygen via noninvasive ventilation in obese patients promptly decreased elevations of aminotransferases. However, a prospective randomized trial in patients with OSA found that both the use of CPAP or sham CPAP reduced aminotransferase levels, which was attributed to 'changes in lifestyle after entering in the study', but behavioral changes were not specifically measured [33] . In our patients aminotransferases generally ranged from normal to slightly elevated, and there were no differences between the two OSA groups. This suggests that severe oxyhemoglobin desaturations were attenuated in the entire cohort, presumably by CPAP. Unfortunately, serum aminotransferases were obtained independent of the timing of the sleep study; thus we are not able to determine whether CPAP use influenced aminotransferases.
Kallwitz et al. [24] reported only a 'trend' for an association between OSA and liver inflammation and fibrosis, but did not report preoperative CPAP use. Mishra et al. [34] found that nadir SpO 2 was independently associated with NASH, while AHI was not. Patients with NASH had higher CPAP settings, suggesting that subjects with NASH had more sleep-related hypoxemia; however, CPAP settings did not significantly differ with increasing severity of NASH (presence of fibrosis) [34] . Absence of association between OSA and NASH in our study reiterates findings by others [14, 19] , who also did not find an association, even in untreated patients.
Our findings suggest that components of the metabolic syndrome play a dominant role in the development of hepatic injury in obese patients. However, it is challenging to differentiate potential effects of OSA (intermittent hypoxemia) or metabolic syndrome on the development of liver disease in the morbidly obese because of the high prevalence of both. Some of the major clinical features associated with severe NASH are higher BMI, increased insulin levels, higher insulin resistance, diabetes, and hypertension [35] . Therefore, the high coexistence of these comorbidities and OSA in these patients creates collinear conditions that may obscure potential relationships.
Our study has several strengths over previous studies. The sample size is the largest to date, and the study cohort was treated within a few years (December 2003 to March 2009). A very complete histopathological evaluation of liver specimens was conducted using up-todate classification criteria. We were adequately powered to find a pathological change. In addition, we included only patients who underwent PSG evaluation at a single sleep laboratory, ensuring uniform quantification.
On the other hand, this study has several important limitations. First, this is a retrospective study, and thus we cannot ascertain whether OSA treatment was effective at reducing episodes of oxyhemoglobin desaturation or modified markers of liver disease. The results of home CPAP use may have differed from those achieved in the 'split' PSG study.
Since metabolic syndrome appears to be a major contributor to liver injury, we cannot differentiate whether absence of association between OSA and NASH was because of compliant CPAP use or lack of any association, as was suggested in a study of untreated patients [19] . Patients in our study were selected based on suspicion for the presence of OSA and subsequently underwent PSG study, introducing a selection bias. Therefore, our conclusions cannot be applied to patients with unrecognized or untreated OSA. Lastly, our results may not be generalized to NAFLD in patients who do not have medically complicated obesity.
In summary, in morbidly obese patients evaluated before bariatric surgery with PSG who were prescribed noninvasive ventilation, severity of OSA was not associated with NASH severity. Our findings suggest that NASH histopathology in this population primarily reflects specific risk factors associated with the metabolic syndrome, and not the OSA severity.
